We report a process to fabricate multilayer Laue lenses ͑MLL's͒ by sectioning and thinning multilayer films. This method can produce a linear zone plate structure with a very large ratio of zone depth to width ͑e.g., Ͼ1000͒, orders of magnitude larger than can be attained with photolithography. Consequently, MLL's are advantageous for efficient nanofocusing of hard x rays. MLL structures prepared by the technique reported here have been tested at an x-ray energy of 19.5 keV, and a diffraction-limited performance was observed. The present article reports the fabrication techniques that were used to make the MLL's.
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We have been investigating a new type of nanofocusing optic for hard x rays dubbed a "multilayer Laue lens ͑MLL͒." [1] [2] [3] [4] [5] A MLL is a type of linear zone plate. It is fabricated by depositing a thick multilayer with a graded period onto a flat substrate and then sectioning it to produce an optical structure with a very large aspect ratio ͑section depth to zone width͒. When such multilayer sections are illuminated edge on, x rays can be efficiently focused down to nanometer dimensions. To realize a working MLL there are several technological challenges that must be overcome. For example, for a full zone plate structure with a 5 nm outermost zone width, one must succeed in depositing more than a thousand layers to achieve a full structure measuring several microns in thickness. Furthermore each individual layer must be positioned within the stack to an accuracy that is a small fraction of the outermost zone width, otherwise diffraction from the different layers ͑i.e., zones͒ does not add up in phase at the focus. The smallest outermost zone width that we have so far studied is 5 nm. The multilayer system employed for the present study consists of WSi 2 / Si bilayers. All multilayer samples discussed in this article were grown by dc magnetron sputtering techniques at the deposition laboratory of the Advanced Photon Source ͑APS͒. The sputtering details have been reported previously elsewhere. 3, 5 A MLL is a volume diffractive optic operated in transmission Laue geometry. Such volume diffraction results in a high focusing efficiency at high x-ray energies for structures with optimum optical depth. 1, 4 The optical depth seen by the x-ray beam is the section depth of the MLL, and it can be made arbitrarily large as determined by the sectioning process. The optimum section depth depends on the parameters of the multilayer and on the x-ray energy and can be predicted by theoretical calculations. 1 We note that zone plates fabricated by lithographic and pattern transfer techniques have optical depths that are limited to 2 m or less, depending on the zone width. 6, 7 We reiterate that the major difference between MLLs and conventional zone plates is that larger optical depths and, consequently, higher focusing efficiencies for hard x rays can be achieved by sectioning a multilayer film than can be achieved by defining the zones through lithography. By way of example we note that a MLL structure consisting of WSi 2 / Si bilayers and having an outermost zone width of 10 nm requires a section depth of 19 m to obtain an efficiency of 44% at 20 keV ͑Ref. 4͒ or ϳ80 m to obtain an efficiency of ϳ88% at 100 keV.
In this article we report a sectioning and thinning process developed to fabricate such MLL structures. Figure 1 shows the schematic of the fabrication steps to make thin MLL cross sections. To protect the surface of the as-grown multilayer, we first produced a sandwich structure by gluing a polished Si ͑001͒ wafer to the top of the multilayer, that is, on top of the thickest zone of the zone plate structure. The glue used is an epoxy known to be thermally and mechanically very stable. 8 The wafer stack was then diced using a Kulicke and Soffa model 984-10 plus dicing saw. 9 Sandwiches having the dimensions of 2.3 mm in length and 1 mm in section depth were diced.
The dicing process introduces subsurface damage into the multilayer due to the machine's inherent mechanical a͒ Author to whom correspondence should be addressed; present address: Advanced Photonics Research Institute, Gwangju Institute of Science and Technology, Gwangju 500-712, Republic of Korea; electronic mails: kang@anl.gov and kanghc@gist.ac.kr technique of material removal. Various dicing blades and saw parameters were initially experimented with to optimize the dicing process in an attempt to minimize the amount of subsurface damage generated in the MLL. The optimized dicing blade type and system parameters ultimately used for cutting an MLL are presented in Table I . Figure 2 shows a scanning electron microscopy ͑SEM͒ image of a cross section with the sawn surface at the bottom. We found that damage occurs only within ϳ100 m of the sawn surface and is unavoidable even though the dicing conditions are optimized.
Dicing-related damage can be mostly removed by mechanical polishing of the sawn surface using the procedure detailed below. However, if we immediately thinned the section to the desired ϳ10 m depth by mechanical polishing of the long edge, we found that dicing damage from the short sides propagated through the full length of the sample. To overcome this problem, we added steps to the procedure, as shown in Fig. 1 , to mechanically polish both side edges prior to thinning to remove ϳ150 m from each side. The sides were then protected by gluing to them small Si blocks with dimensions matched to the MLL sample at this stage.
Facilities of the Argonne National Laboratory Electron Microscopy Center were used for polishing. The mechanical polishing procedure employed was similar to a method reported for transmission electron microscopy sample preparation. 10 Sandwich edges were polished by diamond lapping films 11 with particle sizes of 0.5 m alternated with 0.1 m. We then performed a fine manual polishing using a 0.05 m size diamond suspension on polishing cloths. To affix the MLL sections onto the sample holder during polishing, we used a bonding wax 12 that melts when it is heated up to ϳ100°C and is very soluble in acetone at room temperature.
The mechanical polishing also left subsurface damage, but to a lesser degree than dicing. In Fig. 3 we show SEM images taken from polished cross sections of a multilayer comprised of 728 total layers corresponding to 12.4 m of total thickness, with layer thicknesses varying from 10 to 58 nm. 4 The bright stripes are WSi 2 layers and the dark ones are Si layers. The face of the MLL with the thickest layers is at the top. Figures 3͑b͒ and 3͑d͒ show the corner with the side edge, while Figs. 3͑a͒ and 3͑c͒ show regions far from a side edge.
Figures 3͑a͒ and 3͑b͒ show a section thinned using mechanical polishing only. Polishing damage appears not only in the top layers but also inside the multilayer ͓e.g., at the location shown by the arrow in Fig. 3͑a͔͒ . We infer that the friction forces during the polishing process introduced shear stresses resulting in delamination of the layers. While we have found that the remaining undistorted layers in these structures are sufficiently perfect to focus x rays with reasonably good efficiency, the distorted layers generally induce significant broadening of the focus. From the side edge shown in Fig. 3͑b͒ , it appears that the damage from mechanical polishing is limited to the subsurface region within ϳ2 m of the polished surface. To remove this damage, we added an ion-beam polishing step to the thinning procedure, following the mechanical polishing. An ion-beam energy of 4 keV with an Ar pressure of 6.7 ϫ 10 −3 Pa was used. Ion-beam polishing was used to thin the MLL sections by roughly 10 m per side. This removed all damages to the polished surfaces, except near the side edges ͑data not shown͒. However, the surfaces were no longer flat because nonuniform ion-beam erosion induced significant surface undulations, even though the sample stage is continuously rotated during the ion-beam polishing to improve uniformity. To achieve flat surfaces, we performed a fine manual polishing with a 0.05 m size diamond suspension impregnated into a polishing cloth. SEM images taken from cross sections after such manual polishing are shown in Figs. 3͑c͒ and 3͑d͒. After this final polishing step, we observed that away from the side edges the interfaces are very sharp and that all the layers are without distortions. We note that the bent layers generated from side polishing, as indicated by an arrow in Fig. 3͑d͒ , are still visible. However, this damage is terminated within ϳ2 m from a side edge. This limited and inconsequential side damage remained in our finished samples.
In order to evaluate quantitatively the surface roughness of the fully processed MLL cross sections, we carried out atomic force microscopy ͑AFM͒ measurements. Since the polishing suspensions leave many contaminants attached to the polished surfaces, we performed a final plasma cleaning process using O 2 alternating with Ar to remove organics and metal oxides, respectively, while preserving the physical dimensions of MLL sections. We obtain a root-mean-square ͑rms͒ roughness of only ϳ0.5 nm.
We performed focusing and diffraction measurements using fabricated MLL cross sections at beamlines 8ID and 12BM of the APS. Details of experimental procedures have been previously described, 2, 4 and focusing data for x rays at 19.5 keV have been previously reported. 4 The MLL was glued onto a Mo grid to produce a mounted sample suitable for x-ray experiments, as shown in Fig. 1 . Figure 4͑a͒ shows a schematic of the wedge-shaped sample used for x-ray diffraction and focusing measurements. Wedge samples enable us to study the section-depth dependence of the x-ray diffraction and focusing properties using a single sample. In addition, such wedge samples allow us to optimize the focusing efficiency for different x-ray energies by translating the illuminated region in the Y direction. The results that we obtained from wedged samples imply that MLL's covering a wide range of photon energies are feasible.
In Fig. 4͑b͒ , we show x-ray diffraction measurements corresponding to rocking curves at the first order diffraction peak. With the Q Z direction normal to the layers, rocking curves are scans in the Q X direction. The Q X profile shows a large number of interference fringes due to a well-defined section depth. These Laue geometry thickness fringes demonstrate that both the entrance and exit surfaces of the MLL section are sharp and flat. We obtain a value for the section depth from the period of these fringes using the relationship w =2 / ⌬Q X . 2 This yields a depth of 14.1 m in the case of Fig. 4͑b͒ , which corresponds to an aspect ratio of 1410 for the outermost zone. In summary, we have developed a sectioning and thinning process employing dicing, mechanical polishing, ionbeam polishing, and final manual polishing that is suitable to the fabrication of MLL structures. Nearly diffraction-limited focusing has been obtained from the MLL's produced by this process. 4 Since the optical depth of MLL's is determined by the sectioning process presented in this article, there is no upper limit to the achievable optical depth. This provides high efficiency nanofocusing optics for high x-ray energies.
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